8 determining the microbial community structure and activity analyses using EcoPlate TM 1 (Biolog Inc., CA, USA). The remaining soil was air-dried and sieved for chemical analysis. 2
EcoPlate contains three replicate wells of 31 of different carbon sources and water (no 3 substrate; tetrazolium dye only as a blank) for soil community analysis. For assessing 4 microbial carbon utilization patterns, a 1 g soil sample was thoroughly shaken by hand with 5 10 ml of sterile saline solution (0.85% NaCl) and diluted 1000 times with the same saline 6 solution. A subsample of 150 μL was inoculated directly into each well of the EcoPlate. 7
Three replicate suspensions were prepared for each soil sample. The EcoPlates were then 8 placed in an incubator at 25 °C; purple color was formed when the microbes utilized the 9 carbon source and began to respire. The color development was measured every 24 h for 5-10 6 days using a microplate reader (Sunrise Remote, TECAN A-5082, Austria) at 595 nm. 11
Changes in the pattern were compared and analyzed using principle components analysis 12 for 1 h. The soil extracts were passed through filter paper (No. 6, Advantec, Tokyo, Japan). 22
The NH 4 -N and NO 3 -N concentrations were determined by colorimetric methods. 1 Available P was extracted with Truog's solution and measured by spectrophotometry (U-2 5100, HITACHI, Japan) at 710 nm. Excluding inorganic N and available P, the 3 concentrations of mineral elements in the soil were determined by extracting 2 g of soil 4
with 40 mL of 1 M ammonium acetate, shaking for 30 min, and passing through fine filter 5 paper (No. 5C, Advantec, Tokyo, Japan) to exclude fine soil particles. Thereafter, 5 mL of 6 the filtrate was digested with 2 mL of 61% HNO 3 as described later. The concentrations of 7 aluminum (Al), arsenic (As), boron (B), calcium (Ca), cadmium (Cd), cobalt (Co), cesium 8 (Cs), copper (Cu), iron (Fe), potassium (K), lithium (Li), magnesium (Mg), manganese 9 (Mn), molybdenum (Mo), sodium (Na), nickel (Ni), rubidium (Rb), sulphur (S), selenium 10 (Se), strontium (Sr), vanadium (V), and zinc (Zn) in the digested solution were measured 11 using inductively coupled plasma mass spectrometry (ICP-MS) (ELAN, DRC-e, Perkin 12
Elmer, MA, USA). (Table 3) . Available P concentration was higher in 2 soils receiving cattle farmyard manure; however, no biochar effect was observed for either 3 plant grown soil ( Table 3 ). The concentration of ammonium-acetate-extractable S in soil 4 increased under sorghum because of biochar application with rapeseed cake (Table 3) . 5
Microbial activity and community structure of soil 6
The microbial activity in soil was estimated by AWCD. A high value of AWCD reflects 7 higher microbial activity. Figure 2 presents the AWCD values obtained from the EcoPlate. 8
For both soybean and sorghum grown soils with rapeseed cake, biochar application 9 significantly increased AWCD compared to the case without biochar. When PCA was 10 conducted to assess the utilization patterns of the different carbon sources, the total 11 variance explained by the first two components was 39% and 44% for soybean and 12 sorghum, respectively. In the soybean grown soil, the score plot of PCA showed a 13 separation between the B0M2 treatment and the other treatments in PC1 (Fig. 3) . 14 Meanwhile, in the score plot of the sorghum grown soil, the soil with biochar application 15 shifted negatively along PC1 in both the cattle farmyard manure and rapeseed cake 16 treatments (Fig. 3) . 17
Mineral profile of soil 18
PCA was also used to examine the treatment effects on the mineral profile of the soils. 19 Figure 4 shows the score plot of the first two components from the ammonium-acetate-20 extractable concentrations of each mineral element in soils growing soybean or sorghum. 21
The first two components accounted for 67% and 92% of the total variance for the soybeanand sorghum soils, respectively. In both species, a clear separation in the score plot was 1 observed between the different types of organic fertilizer applied to the soil (Fig 4) . 2 Moreover, the biochar application altered the profile of the extractable mineral elements in 3 the sorghum grown soil with rapeseed cake (Fig. 4) , whereas it did not affect that in the 4 soybean grown soil (Fig. 4) . the present study, the biochar application significantly enhanced the growth of both the 11 plant species grown in soils with rapeseed cake, and the same trend was also observed in 12 their growth with cattle farmyard manure (Fig. 1) , indicating that the combined application 13 of organic manure with biochar is effective at increasing crop yield. This growth promotion 14 effect was more remarkable in the soil with rapeseed cake for sorghum. Therefore, different 15 plant species as well as different types of organic manure may affect soil-biochar 16 interactions differently. This raises the question regarding the factors causing these 17 differences. 18
In both soybean and sorghum grown soils, AWCD-estimated microbial activity was 19 increased by biochar application with rapeseed cake (Fig. 2) . It has been reported that 20 biochar provides a suitable habitat for microorganisms (Pietikainen et al. 2000) and 21
produces substances that stimulate the growth of microbes (Kasozi et al. 2010 ). Rapeseedcake may have suitable characteristics for the exertion of these positive effects of biochar 1 on microorganisms. The enhanced microbial activity can be expected to enhance the 2 mineralization of rapeseed cake applied to soils. However, significant differences were not 3 found for both plant species in inorganic N and available P concentrations between soils 4 with and without biochar in the rapeseed cake treatment. By contrast, a significant increase 5 was found in concentrations of extractable S, including SO 4 2-and soluble organic S such as 6 S-containing amino acids, because of biochar application under sorghum in the rapeseed 7 cake treatment (Table 3) . Moreover, significant positive correlation was found between 8 extractable S concentration in soil and utilization (absorbance) for phenylethyl-amine in the 9
EcoPlate in sorghum with rapeseed cake application (r = 0.94, Supplementary material, 10 Figure S1 ), but not in soybean. These results imply that the biochar enhanced the microbial 11 decomposition of organic matter, containing organic S in this soil, resulting in superior 12 growth of the sorghum. In fact, for the rapeseed cake treatments, S concentration in the 13 leaves of sorghum significantly increased by biochar application (data not shown, Student's 14 t-test, P < 0.05). Considerable difference in soil extractable S between soybean and 15 sorghum (Table 3 ) may imply considerable difference in the impact of plant root on 16 microbial community structure between different plant species as described later. Although 17 we cannot know exactly why significant effect of biochar application was observed only in 18 S but not in N and P, leaching and active absorption by root in N and fixation by soil in P 19 may be involved in these different results. 20
It has also been suggested that biochar may change the soil microbial community structure 21 biochar application clearly changed the microbial community structure, particularly in 1 sorghum grown soils (Fig. 3) . Correlation analysis was conducted to determine the factor(s) 2 responsible for biochar-induced changes in the microbial community structure. In the PCA, 3 the PC1 scores using the EcoPlate showed a strong negative correlation (r = -0.89, n = 16) 4 with soil pH for sorghum but not for soybean (which showed a weak positive correlation, r 5 = 0.72, n = 16) (Fig. 5) . In fact, biochar application did not significantly affect soil pH 6 under soybean but increased it under sorghum (Table 2 ). Although biochar is commonly 7 alkaline and has a potential to increase the soil pH, the effect depends on the types of 8 biochar (Yang et al. 2016 ). Moreover, changes in soil pH by biochar application may also 9 be affected by microbial activities such as nitrification which produces H + (Yuan et al. sorghum. Together, some interactions between the sorghum rhizosphere and biochar may 14 affect soil pH; this may be the primary factor altering the microbial community structure in 15 soils. Under soybean, biochar application had little effect on the profile of ammonium-16 acetate-extractable mineral elements of the soil for both types of manure application (Fig.  17   4) . For sorghum, however, biochar application altered the profile of the extractable 18 elements in the soil applied with rapeseed cake (Fig. 4) . This alteration was mainly due to 19 the increase in the extractable concentrations of certain metals in soils due to biochar 20 application (Table 4 ). The biochar application increased soil pH in sorghum grown soil 21 applied with rapeseed cake (Table 3) , which cannot explain the results of the extractable 22 metals in this study because increasing the pH normally decreases the availability of certain 1 metal cations such as Al and Cd (von Uexküll and Mutert 1995; Xian and In Shokohifard 2 1989). In order to increase the solubility of these metal cations even at increased pH 3 condition, some chelating compounds could be needed. 4
In contrast to the effects of biochar on soil, concentrations of these metals in the leaves of 5 sorghum grown in the soil with rapeseed cake did not change, or they tended to show a 6 decrease due to the biochar application, particularly in Al (Table 2 ). In case of Al, it is well 7 known that organic ligands, such as organic acids can solubilize Al (Huang and Keller 8 1971) but also inactivate it for plant uptake (Ma and Hiradate 2000) in soil. Because 9 biochar application increased microbial activity in the soils applied with rapeseed cake (Fig.  10 2), it possibly enhanced organic matter decomposition in this soil, producing chelating 11 organic compounds such as organic acid that solubilized some metals but also made those 12 metals less available to sorghum roots. In fact, when analyzing the correlation between 13 extractable concentration of each of these metal elements and utilization (absorbance) for 14 each carbon source in the EcoPlate, highly significant correlation (P < 0.01) was found in 15 several carbon sources (4-hydroxy benzoic acid and Al/Ba; phenylethyl-amine and Zn; α-16 D-lactose and Zn) only in sorghum grown soil with rapeseed cake application 17 (Supplementary material, Figure S1 ). These carbon utilization characteristics of microbial 18 community in sorghum grown soil with rapeseed cake might be related to the production of 19 chelating compounds from soil organic matter to solubilize certain metals in soil. 20
In conclusion, biochar application can be an important agricultural practice for increasing 21 the efficiency of organic manure for crop cultivation. However, its effects differ depending 22 on the plant species and organic manure type. These differences may be attributed to the 1 complicated interactions between the plant rhizosphere, biochar, organic manure, and soil 2 microorganisms. In order to elucidate these interactions, detailed analysis of the dynamics 3 of microorganisms and organic/inorganic substances in the rhizosphere of soils applied 4 with different types of organic manure is needed. 
